1. Introduction {#sec1-biomolecules-10-00865}
===============

*Histoplasma capsulatum* is a dimorphic pathogenic fungus broadly distributed around the world, with high incidence in Asia, Africa and Americas \[[@B1-biomolecules-10-00865],[@B2-biomolecules-10-00865]\]. Histoplasmosis initiates upon inhalation of conidia, the primary infectious form of *H. capsulatum*, producing a spectrum of illnesses that range from acute pulmonary disease to a progressive disseminated form \[[@B3-biomolecules-10-00865]\]. Disseminated histoplasmosis presents a high morbidity and mortality rate and is most common in immunosuppressed individuals or subjects exposed to a massive inoculum of the fungus \[[@B4-biomolecules-10-00865],[@B5-biomolecules-10-00865]\]. In the lungs, conidia transform into yeast forms, where they multiply and establish a granulomatous disease \[[@B6-biomolecules-10-00865]\]. During the early stages of infection, pattern recognition receptors (PRRs) expressed by macrophages, dendritic cells (DCs) and neutrophils trigger intracellular signaling cascades that initiate antifungal responses such as phagocytosis, generation of reactive oxygen or nitrogen species (ROS or RNS), production of cytokines, chemokines and lipid mediators such as eicosanoids \[[@B7-biomolecules-10-00865],[@B8-biomolecules-10-00865],[@B9-biomolecules-10-00865]\]. These bioactive lipids exhibit important functions during infections, including histoplasmosis \[[@B10-biomolecules-10-00865],[@B11-biomolecules-10-00865],[@B12-biomolecules-10-00865],[@B13-biomolecules-10-00865]\]. Indeed, leukotriene B~4~ (LTB~4~), is required for effective phagocytosis of yeasts, production of ROS and RNS by macrophages, as well as for CD4^+^ T cell recruitment into the lungs of mice infected with *H. capsulatum* \[[@B12-biomolecules-10-00865],[@B14-biomolecules-10-00865],[@B15-biomolecules-10-00865]\].

CD4^+^ T cells are required for successful anti-histoplasma responses \[[@B16-biomolecules-10-00865],[@B17-biomolecules-10-00865]\]. Specifically, Th1 and Th17 cytokines have pro-inflammatory properties that culminate in clearance of the fungus \[[@B18-biomolecules-10-00865],[@B19-biomolecules-10-00865]\]. In the absence of Th1 signature cytokines, such as TNF-α, IFN-γ, IL-1β and IL-12, infected mice succumb to infection \[[@B18-biomolecules-10-00865],[@B20-biomolecules-10-00865],[@B21-biomolecules-10-00865],[@B22-biomolecules-10-00865]\]. IL-12 and IL-1β have been related to the development and expansion of Th1 cells, stimulating IFN-γ production \[[@B21-biomolecules-10-00865],[@B22-biomolecules-10-00865]\]. IFN-γ, in turn, inhibits intracellular growth of *H. capsulatum* by inducing murine macrophages to produce nitric oxide (NO), like TNF-α does \[[@B20-biomolecules-10-00865],[@B23-biomolecules-10-00865],[@B24-biomolecules-10-00865],[@B25-biomolecules-10-00865]\]. In addition, TNF-α antagonism also leads to the generation of T regulatory (Treg) specific T cells (CD4^+^CD25^+^) that inhibit the Th1 immune response \[[@B26-biomolecules-10-00865]\]. Cytokines of Th17 profile have been related to *H. capsulatum* protection of mice. IL-17A is up-regulated in the acute phase of *H. capsulatum* infection and its neutralization reduced fungal clearance, decreased cell recruitment and increased IL-6 and IL-10 production with no changes in mice survival \[[@B19-biomolecules-10-00865]\]. On the other hand, the absence of IL-17, in the context of no IFN-γ, increases mice susceptibility to *H. capsulatum* infection \[[@B19-biomolecules-10-00865]\]. Furthermore, IL-10 and IL-4 are signature cytokines of Tregs and Th2 profiles, related to impaired clearance and suppression of Th1 response \[[@B27-biomolecules-10-00865]\].

Interleukin-22 emerged as a new cytokine produced by CD4^+^ T cells, (Th22 profile), CD8^+^ T cells, γδ T cells, NKs, ILCs, neutrophils and macrophages, with multiple functions in host response or disease progression \[[@B28-biomolecules-10-00865],[@B29-biomolecules-10-00865],[@B30-biomolecules-10-00865],[@B31-biomolecules-10-00865],[@B32-biomolecules-10-00865],[@B33-biomolecules-10-00865]\]. IL-22 interacts with its receptor (IL-22R) expressed in non-myeloid cells, such as epithelial cells and keratinocytes to maintain homeostasis and tissue repair \[[@B34-biomolecules-10-00865]\]. During pulmonary *Cryptococcus neoformans* infection, IL-22 mediates the production of antimicrobial peptides (AMPs), such as lipocalin-2, S100A8, S100A9 and Serum amyloid A-3 \[[@B35-biomolecules-10-00865]\]. Moreover, IL-22 is critical for the clearance of *Aspergillus fumigatus* yeasts by a mechanism that is independent of AMPs \[[@B36-biomolecules-10-00865]\]. Also, during *Candida albicans* infection, IL-22 regulates the activation of NLRP3 inflammasome by inducing activation of NLRC4 and IL-1ra production, which limits *C. albicans*-induced inflammation \[[@B37-biomolecules-10-00865]\]. IL-22 is produced in the lungs of mice infected with *H. capsulatum*; however, its contribution to disease progression remains unknown \[[@B38-biomolecules-10-00865],[@B39-biomolecules-10-00865]\].

Due the central role of IL-22 in anti-fungal immunity, we sought to explore its function during experimental histoplasmosis. We demonstrated that the absence of IL-22 abrogated the clearance of yeasts from the lungs and increased the spreading to the spleen. Furthermore, *Il22*^−/−^ mice succumbed earlier to infection, which was associated with increased local production of TNF-α and IL-1β, reduced IL-1ra, as well as increased lung inflammation. Seven days after infection, IL-22 deficiency also culminated in a reduction in IFN-γ or IL-17-producing CD4^+^ T cells in the lungs. At a later time point, the IL-22 deficiency leads to accumulation of macrophages (CD45^+^ F4/80^+^ CD11b^+^), neutrophils, (CD45^+^ Ly6C^−^ Ly6G^+^ CD11b^+^) and CD8^+^ T cells. We also observed that *Il22*^−/−^ mice presented reduced transcriptional and protein expression of NOS2 and production of NO~2~^−^ and LTB~4.~ Importantly, we found that rIFN-γ, but not LTB~4~ treatment, mitigated the susceptibility of *Il22*^−/−^ mice to *H. capsulatum* infection. Together, our data show that IL-22 is crucial for IFN-γ/NO production and clearance of *H. capsulatum*.

2. Materials and Methods {#sec2-biomolecules-10-00865}
========================

2.1. Ethics Statement {#sec2dot1-biomolecules-10-00865}
---------------------

This study was carried out in accordance with the recommendations of Conselho Nacional de Controle de Experimentação Animal ("*National Council of the Control on Animal Experimentation*"---CONCEA), the competent authority in Brazil. The protocol was approved on 31 August 2015, by the Ethics Committee on the Use of Animals (CEUA) at Faculdade de Medicina de Ribeirão Preto, Universidade de São Paulo (FMRP/USP), Number 009/2015-1.

2.2. Fungal Strain and Culture {#sec2dot2-biomolecules-10-00865}
------------------------------

The *H. capsulatum* strain used in this study is a clinical isolate from a pulmonary histoplasmosis patient, obtained from Hospital das Clínicas de Ribeirão Preto (Ribeirão Preto, SP, Brazil) \[[@B9-biomolecules-10-00865],[@B11-biomolecules-10-00865],[@B12-biomolecules-10-00865],[@B14-biomolecules-10-00865],[@B15-biomolecules-10-00865],[@B40-biomolecules-10-00865],[@B41-biomolecules-10-00865]\]. The strain was grown on brain heart infusion (BHI) agar (Difco---Detroit, MI, USA) supplemented with 5% of sterile defibrinated blood sheep (\#1189 New Prov, Pinhais PR, Brazil) at 37 °C for 7--10 days. The number of yeasts were determined in Neubauer chamber, adjusted for 1 × 10^7^ mL^−1^ yeasts and submitted for viability assay (Live/Dead *Funga*Light^TM^ Yeast Viability Test---Molecular Probes, Eugene, OR, USA). The yeast cultures were used at ≥95% of viability.

2.3. Animals, Treatments and Infection {#sec2dot3-biomolecules-10-00865}
--------------------------------------

IL-22 deficient mice (*Il22*^−/−^) and their genetic background C57Bl/6 wild-type (WT), at eight to ten weeks old, males or females age- and sex-matched in all experiments, were obtained from Centro de Criação de Camundongos Especiais (CCCE) of Faculdade de Medicina de Ribeirão Preto (FMRP/USP), Biotério Geral da Prefeitura do Campus USP de Ribeirão Preto (PUSP-RP) and raised at Biosafety Level 3 facility (BL-3) at Laboratório de Vacinas Gênicas da Faculdade de Medicina de Ribeirão Preto (FMRP/USP). Mice were anesthetized by intraperitoneal (i.p.) administration of ketamine and xylazine (75 and 10 mg.kg^−1^ of body weight, respectively,) and infected intratracheally (i.t.) with lethal inoculums (1 × 10^6^ yeasts) of *H. capsulatum* as previously described \[[@B11-biomolecules-10-00865],[@B40-biomolecules-10-00865]\].

2.4. MiceTtreatments {#sec2dot4-biomolecules-10-00865}
--------------------

*Il22*^−/−^ were treated with LTB~4~ (Cayman Chemical Co Ann Arbor, MI, USA) or mouse recombinant IFN-γ (rIFN-γ) (R&D---Minneapolis, MN, USA), per intranasal route (i.n.). LTB~4~ (50 ng/dose) was diluted in sterile PBS 1× and administered twice a day (12/12 h), starting at 24 h before the infection \[[@B13-biomolecules-10-00865]\]. rIFN-γ (1 µg/dose) was diluted in sterile PBS 1× and administered every day, starting at 4 days after infection \[[@B42-biomolecules-10-00865],[@B43-biomolecules-10-00865],[@B44-biomolecules-10-00865]\]. Control mice received vehicle at the same period as treated mice. Specific antibody treatments with α-Ly6G (Cat: 127620---BioLegend, San Diego, CA, USA) or its isotype control Rat IgG2a, κ (Cat: 400533---BioLegend, San Diego, CA, USA) were used to deplete circulating neutrophils. The antibodies (120 μg/mice) were diluted in sterile PBS 1× and administered at days five and nine post-infection via intraperitoneal route (i.p.). To monitor the efficiency of neutrophil depletion, blood samples of the tail vein were used for differential count using panoptic stain of blood smear.

2.5. Survival and Sample Collection {#sec2dot5-biomolecules-10-00865}
-----------------------------------

For survival analysis, WT and *Il22*^−/−^ mice, treated or not with LTB~4~ or rIFN-γ or vehicle, were infected with lethal inoculums (1 × 10^6^ yeasts) of *H. capsulatum* and the survival rate was noted every day for 28 days. For sample collection, WT and *Il22*^−/−^ mice were infected with lethal inoculums (1 × 10^6^ yeasts) of *H. capsulatum* and at days two, seven and fourteen post-infection, they were euthanized by cervical dislocation preceded for anesthesia as described above. The lungs and spleen were removed, fractioned and weighted for analyses described below.

2.6. Determination of Fungal Burden {#sec2dot6-biomolecules-10-00865}
-----------------------------------

Lungs: The left upper lobe was freshly used for fungal burden determination. Tissue was submitted to enzymatic digestion using Liberase (25 µg.mL^−1^---Roche, Mannheim, Germany) and DNase (1 mg.mL^−1^---Sigma Aldrich, St Louis, MO, USA) for 45 min at 37 °C, 150 rpm. Four serial dilutions were inoculated on blood agar and incubated at 37 °C for 3 weeks until yeast growth occurred \[[@B11-biomolecules-10-00865],[@B12-biomolecules-10-00865],[@B41-biomolecules-10-00865]\].

Spleen: The spleen was removed, perforated using a syringe plunger in 1 mL of PBS 1×, plated on blood agar and incubated at 37 °C for 3 weeks until yeast growth occurred \[[@B11-biomolecules-10-00865],[@B12-biomolecules-10-00865],[@B41-biomolecules-10-00865]\].

2.7. Flow Cytometry {#sec2dot7-biomolecules-10-00865}
-------------------

The same cellular suspension used for fungal burden determination in lungs was used for the immunophenotyping of lung parenchyma cells by flow cytometry, as previous described \[[@B45-biomolecules-10-00865],[@B46-biomolecules-10-00865]\]. The cell suspension was filtered in a sterile filcon syringe type (BD Bioscience---San Jose, CA, USA), submitted to red blood cells lysis with ammonium-chloride-potassium (ACK) solution and the number of total cells isolated from lung parenchyma was determined in a Neubauer chamber. The cells were divided for intracellular and extracellular staining. Cells used for intracellular markers were stimulated for 2 h with PMA (50 ng.mL^−1^---Sigma Aldrich), ionomicyn (0.5 µg.mL^−1^---Sigma Aldrich) and brefeldin A (10 µg.mL^−1^---Sigma Aldrich) in RPMI 1640 (Gibco, Itapevi, SP, Brazil) supplemented with 5% of FBS (\#10270106 Gibco^®^ Thermo Fisher Scientific---South America, Brazil), 1% of non-essential amino acids (Sigma---St. Louis, MO, USA), 1% gentamicin (Gibco---Grand Island, NY, USA), 1% L-glutamin---200 nM (Sigma, St Louis, MO, USA), 1% Piruvate---200 nM (Sigma---St Louis, MO, USA) and 0.1% of β-mercapto ethanol (Sigma, St Louis, MO, USA). In specific experiments, the cells were stimulated either with 50 ng.mL^−1^ of rIL-18 for 12 h. In the next step, all cells, stimulated or not, were centrifuged (7096× *g*, 1 min at 4 °C) and fixed with PBS 1× 4% formaldehyde. Eleven minutes later, 1 mL of PBS 1× was added in cell suspension and stored at 4 °C overnight. Further, cells used for intracellular stain were washed and incubated with permeabilization buffer (0.1% of sodium azide, 0.2% of saponin, 1% of FBS diluted in PBS 1×) and cells used for extracellular staining were washed with PBS 1× + 2% FBS. The cells were washed twice with permeabilization buffer, centrifuged (7096× *g*, 1 min at 4 °C) and the pellet suspended in 25 µL of FcBlock. Cell suspension was incubated with permeabilization buffer for 20 min at 4 °C and then with mix of antibodies for 30 min at 4 °C. The following antibodies were used: CD4 (clone: RM4-5); CD3 (clone: 17A2); CD8a (clone: 53-6.7); IL-17A (clone: Tc11-18H10); IL-10 (clone: JES5-16E3) and CD45 (clone: 30-F11) were purchased from BD Biosciences (BD Bioscience, San Jose, CA, USA); IFN-γ (clone: XMG1.2); F4/80 (clone: BM8); CD11b (clone: M1/70); Ly-6C (clone: HK1.4) and Ly-6G (clone: RB6-8C5), were purchased from eBioscience (Affymetrix, Carlsbad, CA, USA). After the period of incubation, the cells were washed with permeabilization buffer and PBS 1× and finally suspended in Cytofix Fixation Buffer (554655, BD Bioscience---San Diego, CA, USA). Data were acquired in FACSCanto I, FACSCanto II and LSRFortessa cytometers (BD Bioscience, San Jose, CA, USA) and analyzed with FlowJo software (Ashland, OR, USA). The gates were defined using the "Anti-Hamster Ig κ / Negative Control Compensation Particles Set" (\# 552845 BD Bioscience, San Jose, CA, USA), as well as unstained and single-stained cell controls.

2.8. Histopathological Analysis {#sec2dot8-biomolecules-10-00865}
-------------------------------

The right middle lobe from all samples was used for histological analysis. The lobes were removed, fixed with 10% buffered formalin and embedded in paraffin. Two to three random cuts of 5 µm of all animals were stained with hematoxilin and eosin (HE) for analysis of cellular content, or with Grocott-Gomori's methenamine silver stain (GMS), for the determination of fungal load in lung parenchyma \[[@B13-biomolecules-10-00865],[@B46-biomolecules-10-00865]\]. Lung sections were also used for quantification of NOS type 2 enzyme by immunohistochemistry. The tissues were immersed in 3% hydrogen peroxide for 10 min to block endogenous peroxidase activity, incubated in normal horse serum (ab7484 Abcam---North America origin) to block non-specific binding and then incubated with anti-NOS-2 antibody (\#160862---Cayman Chemical Co Ann Arbor, MI, USA). The lungs were washed, incubated with anti-IgG biotinilated (Vector Laboratories, Burlingame, CA, USA) for 1 h at room temperature and with complex avidin-biotin-peroxidase (Vector Laboratories, Burlingame, CA, USA). The reaction was revealed by the addition of 3, 3-diaminobenzidine tetrahydrochloride (DAB, Vector Laboratories, Burlingame, CA, USA) and incubation with Mayer's hematoxylin. Five to ten random photomicrograph sections (400x resolution) were obtained with optical microscope Zeiss (Axio Scope.A1---Dublin, CA, USA) from all mice strains, and following all criteria for proper camera setup. The images were converted to gray-scale (RGB 8-bit image) and the particles were quantified using ImageJ software (U.S. NIH, Bethesda, MD, USA) to estimate the percentage of lung area covered by infiltrating cells or covered by yeasts. These methods for quantify lung inflammation and fungal load were applied as previously described \[[@B13-biomolecules-10-00865],[@B41-biomolecules-10-00865],[@B46-biomolecules-10-00865]\].

2.9. Quantification of Cytokines by ELISA and NO~2~^−^ by Griess Reaction {#sec2dot9-biomolecules-10-00865}
-------------------------------------------------------------------------

The right upper and lower lobes were processed for protein, cytokine and lipid mediator quantification. The lungs were homogenized using Turrax (IKA, Labortechnik, Staufen, Germany) with 1 mL of RPMI-I for each 100 mg of tissue. Then, the samples were centrifuged (753× *g* 10 min, 4 °C) and the supernatant removed and fractioned for lipid mediators or for cytokines quantification \[[@B41-biomolecules-10-00865]\]. For lipid mediators, 500 µL of supernatants was mixed with methanol (*v/v*) and stored at -80 °C until lipid extraction. For cytokines quantification, the supernatant of the samples were mixed with protease inhibitor at 1.6 mM (Complete, Roche, Indianapolis, IN, USA) and stored at −80 °C, at most for four months in aliquots of 250 μL and avoiding freeze and thawing, until quantification of cytokines. ELISA assay was performed for IFN-γ, IL-17, IL-22, TNF-α, IL-1β, IL-1ra, IL-12p70 and IL-23 (R&D Systems, Minneapolis, MN, USA) and IL-18 (MBL International Corporation, Woburn, MA, USA) according to the manufacturer's instructions. NO~2~^−^ concentration (μM) was measured in lung homogenates using the Griess solution. Serial dilutions with NaNO~2~ (Sigma Aldrich, St. Louis, MO, USA) were used standard curves in order to estimate NO levels as previously described \[[@B14-biomolecules-10-00865]\].

2.10. Quantification of LTB~4~ by HPLC/MS/MS {#sec2dot10-biomolecules-10-00865}
--------------------------------------------

To the homogenate supernatant fractioned for quantification of LTB~4~, a solution with internal deuterated standards (Cayman Chemical Co Ann Arbor, MI, USA) was added in a known concentration for the identification of LTB~4~. Samples were acidified with 50 µL of HCl (1N), centrifuged and applied in HYPERSEP C18 column (Thermo Scientific, Rockwood, TN, USA) as previously described \[[@B41-biomolecules-10-00865]\]. The HPLC/MS/MS (LC Shimadzu---ESI Triple TOF 5600+ SCIEX) method for identification and quantification of lipid mediators was optimized using stationary phase chromatographic column C18 Ascentis EXPRESS (Supelco---St. Louis, MO, USA) \[[@B47-biomolecules-10-00865]\]. The data processing was obtained by the PeakView 2.1 and MultiQuant 3.0 programs (AB Sciex, Foster, CA, USA).

2.11. qRT PCR {#sec2dot11-biomolecules-10-00865}
-------------

The lower left lobe was used for gene expression analyses. Total RNA was extracted using guanidine-based columns (Purelink, Ambion Invitrogen, Carlsbad, CA, USA) and quantified by fluorometric method (Qbit, Invitrogen, Carlsbad, CA, USA). Complimentary DNA (cDNA) was synthesized from 1.5 μg of total RNA using commercially available reverse transcriptase kits (High Quality cDNA Reverse Transcriptase Kit, Applied Biosystems, Carlsbad, CA, USA). Fifty nanograms (2 μL) of total cDNA was amplified by quantitative reverse transcriptase-polymerase chain reaction (qRT--PCR) using TaqMan primers for *Nos2* (Mm02524428_g1), in a StepOne Plus machine (Applied Biosystems, Foster City, CA, USA). *Gapdh* (Mm99999915_g1) was used as a reference gene and to normalize expression levels by the ^ΔΔ^Ct method. The expression data were presented as n-fold difference relative to the control group \[[@B13-biomolecules-10-00865]\].

2.12. Statistical Analysis {#sec2dot12-biomolecules-10-00865}
--------------------------

Mean values were compared between groups by a one-way ANOVA followed by the Newman--Keuls multiple comparison test, or by two-way ANOVA followed by Bonferroni's multiple comparison test or by Student's *t*-test. Survival differences between groups were calculated using a log-rank test. Analyses were performed using the Prism 5 software (Graphpad Prism, La Jolla, CA, USA). A *p* \< 0.05 was considered significant.

3. Results {#sec3-biomolecules-10-00865}
==========

3.1. IL-22 Is Critical for Host Resistance to H. capsulatum Infection {#sec3dot1-biomolecules-10-00865}
---------------------------------------------------------------------

Previous investigations have shown that mice infected with both forms of *H. capsulatum*, conidia or yeasts, produce IL-22 in the lungs. Using mycelial propagules (conidia and hyphal fragments), the production of IL-22 was increased at 12 h, 7 and 28 days post-infection in Balb/c mice \[[@B38-biomolecules-10-00865]\]. Moreover, using 2 × 10^6^ yeasts, IL-22 production was increased at the 7th day of infection in C57Bl/6 mice \[[@B39-biomolecules-10-00865]\]. We confirmed that IL-22 is produced and augmented at the 7th day of infection in the lungs of C57Bl/6 mice, which were infected with 1 × 10^6^ yeasts of a different *H. capsulatum* strain ([Figure 1](#biomolecules-10-00865-f001){ref-type="fig"}A). To understand the role of IL-22 during experimental histoplasmosis, we monitored the mortality rate of C57Bl/6 (WT) or *Il22*^−/−^ mice infected with *H. capsulatum* for 28 days. Strikingly, 100% of *Il22*^−/−^ mice died 15 days after infection, contrasting with 40% of survival of WT animals at the end of 28 days ([Figure 1](#biomolecules-10-00865-f001){ref-type="fig"}B). In addition, we evaluated the fungal burden in the lungs and spleens after 2, 7 and 14 days post-infection. The absence of IL-22 impaired the clearance of the yeasts in the lungs ([Figure 1](#biomolecules-10-00865-f001){ref-type="fig"}C) and promoted spreading to the spleen at the 14th day post-infection ([Figure 1](#biomolecules-10-00865-f001){ref-type="fig"}D). We confirmed increased *H. capsulatum* load in the lungs of *Il22*^−/−^ mice by staining fungal cells with Grocott's methylamine silver stain ([Figure 1](#biomolecules-10-00865-f001){ref-type="fig"}F) and measuring the area of the lungs covered by yeasts using ImageJ at the 7th day post-infection ([Figure 1](#biomolecules-10-00865-f001){ref-type="fig"}E).

3.2. IL-22 Regulates Lung Inflammation during H. capsulatum Infection {#sec3dot2-biomolecules-10-00865}
---------------------------------------------------------------------

In view of the high susceptibility of *Il22*^−/−^ mice to *H. capsulatum* infection, we sought to determine immunopathological features associated with IL-22 deficiency. Histological analyses of the lungs at 2, 7 and 14 days post-infection demonstrate that mice from both genotypes exhibited increased cellular infiltration over the course of infection ([Figure 2](#biomolecules-10-00865-f002){ref-type="fig"}A), but *Il22*^−/−^ animals presented greater lung inflammation 7 days after infection with *H. capsulatum* ([Figure 2](#biomolecules-10-00865-f002){ref-type="fig"}B). Flow cytometric analysis of lungs on the same time points of infection revealed a time-dependence on the accumulation of neutrophils (CD45^+^, Ly6C^−^, Ly6G^+^ and CD11b^+^) and macrophages (CD45^+^, F4/80^+^ and CD11b^+^) in both genotypes ([Figure 2](#biomolecules-10-00865-f002){ref-type="fig"}C). Furthermore, we observed that IL-22 deficiency promoted increased accumulation of neutrophils and macrophages 14 days after infection ([Figure 2](#biomolecules-10-00865-f002){ref-type="fig"}C). Neutrophils and macrophages are important sources of pro- and anti-inflammatory mediators such as cytokines. Therefore, we determined the production of TNF-α, IL-1β and IL-1ra in the lungs after infection. Compared to WT animals, both TNF-α and IL-1β increased in the lungs of *Il22*^−/−^ mice at the 7th day of infection ([Figure 2](#biomolecules-10-00865-f002){ref-type="fig"}D), correlating with increased lung inflammation at the same time point. Interestingly, IL-1ra, an anti-inflammatory cytokine, was reduced in infected IL-22-deficient mice when compared to WT ([Figure 2](#biomolecules-10-00865-f002){ref-type="fig"}D). In addition, we observed that IL-22 deficiency resulted in increased gene expression of diverse innate immune molecules in the lungs after infection, including *Itgb2, Tlr2, Clec7a, Cysltr1*, *Cd36* and *Ltb4r1* after 7 days, and *Tlr2, Cd36, Ltb4r1, Alox5ap, Cd14, Tlr4, Ticam2, Mrc1, Myd88, Tlr6, Alox5, Ptgs2, Ptgse2, Tlr1* and *Ticam1* after 14 days of infection ([Figure S1](#app1-biomolecules-10-00865){ref-type="app"}). Once IL-22 deficiency induced exacerbated neutrophil recruitment to the infected lungs, we checked whether neutrophil accumulation was involved in the mortality of the animals. So, to deplete circulating neutrophils and to prevent neutrophil accumulation in the lungs, *Il22*^−/−^ mice were treated with anti-Ly6G (120 μg i.p.), or its isotype control as described ([Figure S3](#app1-biomolecules-10-00865){ref-type="app"}). Anti-ly6G treatment was effective in depleting circulating neutrophils in IL-22 deficient mice; however, preventing neutrophil accumulation in the lungs did not reduce mice mortality during *H. capsulatum* infection ([Figure S3](#app1-biomolecules-10-00865){ref-type="app"}). Collectively, these data suggest that IL-22 is important to regulate the recruitment and activation of innate immune cells during *H. capsulatum* infection. However, the intense neutrophil recruitment, per se, is not responsible for *Il22*^−/−^ mice mortality.

3.3. IL-22 Operates Independently of LTB~4~ and AMPs to Protect against H. capsulatum Infection {#sec3dot3-biomolecules-10-00865}
-----------------------------------------------------------------------------------------------

LTB~4~ is a potent bioactive lipid that performs important functions during histoplasmosis \[[@B12-biomolecules-10-00865],[@B14-biomolecules-10-00865],[@B15-biomolecules-10-00865]\]. Thus, we hypothesized that IL-22 deficiency could impair LTB~4~ production during infection. To test this hypothesis, WT and *Il22*^−/−^ mice were infected with *H. capsulatum* and lungs were collected at designated time points for the analysis of LTB~4~ production by LC-MS/MS. Chromatographic peaks ([Figure 3](#biomolecules-10-00865-f003){ref-type="fig"}A---left panel) and mass fragmentation ([Figure 3](#biomolecules-10-00865-f003){ref-type="fig"}A---right panel) demonstrated the identification of LTB~4~ and other lipids in the lungs of infected animals. Further analysis revealed that lungs from *Il22*^−/−^ mice infected with *H. capsulatum* only presented significantly lower concentrations of LTB~4~ on the 2nd day after infection ([Figure 3](#biomolecules-10-00865-f003){ref-type="fig"}B). This suggests that failure to produce adequate amounts of LTB~4~ early after infection is the cause of the higher susceptibility of *Il22*^−/−^ mice to *H. capsulatum*. Therefore, *Il22*^−/−^ mice were treated with LTB~4~ (50 ng) or vehicle one day before, and during infection with *H. capsulatum*, while survival was monitored for 28 days. Surprisingly, we found that LTB~4~ treatment was unable to inhibit animal mortality, which were as susceptible as mice that received vehicle ([Figure 3](#biomolecules-10-00865-f003){ref-type="fig"}C). This indicates that although IL-22 is necessary for maximal LTB~4~ production, this cytokine coordinates other molecular mechanisms that mediate protection against *H. capsulatum* infection.

IL-22 is known to induce the secretion of AMPs in the skin and intestine, which promotes pathogen killing, and could thus mediate resistance to *H. capsulatum* infection \[[@B48-biomolecules-10-00865],[@B49-biomolecules-10-00865]\]. We observed a significant reduction in the gene expression of α-defensin-1 (*Defa1*) in the lungs of *Il22*^−/−^ mice after 14 days of infection ([Figure S2](#app1-biomolecules-10-00865){ref-type="app"}). However, *Defa1* expression in WT mice was similar to that of non-infected animals after 14 days of infection, suggesting that this AMP does not play a significant role during *H. capsulatum* infection. In addition, the gene expression of lipocalin-2 (*Lcn2*), β-defensin-1 (*Defb1*) or even mucin 5 subtypes a and c (*Muc5ac*) were similar between both genotypes ([Figure S2](#app1-biomolecules-10-00865){ref-type="app"}). Cathelicidin antimicrobial peptide (*Camp*), on the other hand, was upregulated on the 14th day post-infection, possibley due to the increased fungal burden observed at this time-point in *Il22*^−/−^ mice. These data suggest that IL-22 does not coordinate the production of AMPs in the lungs of subjects infected with *H. capsulatum*.

3.4. IL-22 Deficiency Impacts T Lymphocyte Responses against H. capsulatum {#sec3dot4-biomolecules-10-00865}
--------------------------------------------------------------------------

Effective adaptive immune response against *H. capsulatum* is mediated mainly by Th1 and Th17 lymphocytes, which are characterized by the production of IFN-γ and IL-17, respectively \[[@B24-biomolecules-10-00865],[@B25-biomolecules-10-00865]\]. In contrast, Treg cells produce the anti-inflammatory cytokine IL-10, whose absence is associated with protection against *H. capsulatum* infection \[[@B50-biomolecules-10-00865]\]. To investigate whether IL-22 deficiency affects T cell mediated immunity, we performed flow cytometry of cellular suspensions obtained from lungs of WT and *Il22*^−/−^ mice over the course of infection with *H. capsulatum.* The gating hierarchy used to identify lymphocytes is illustrated in [Figure S4](#app1-biomolecules-10-00865){ref-type="app"} and one representative plot of percentages of T cell subsets is shown in [Figure 4](#biomolecules-10-00865-f004){ref-type="fig"}A. In the absence of IL-22, we observed reduced numbers of IFN-γ- or IL-10-producing CD4^+^ T cells, but not IL-17-producing CD4^+^ T cells at seven days post-infection ([Figure 4](#biomolecules-10-00865-f004){ref-type="fig"}A---left panel and 4B---upper panels). Interestingly, we observed reduced concentrations of both IFN-γ and IL-17 along the course of the infection, although biologically significant differences were identified only at the seventh day post-infection ([Figure 4](#biomolecules-10-00865-f004){ref-type="fig"}C). This suggests that CD4^+^ T cells are the main sources of IFN-γ under the instructions of IL-22, while other cells contribute to the production of IL-17. Although we observed changes in the numbers of CD8^+^IFN-γ^+^ or CD8^+^ IL-17A^+^ T cells at 14 days post-infection, they did not reach statistical significance and do not seem to contribute to IL-22-dependent IL-17 production ([Figure 4](#biomolecules-10-00865-f004){ref-type="fig"}A---right panel and 4B---lower panels).

3.5. IL-22 Deficiency Impacts Nitric Oxide (NO) Production in the Lungs of H. capsulatum-Infected mMice {#sec3dot5-biomolecules-10-00865}
-------------------------------------------------------------------------------------------------------

Previous studies showed that IFN-γ induces NOS2 expression and NO production to control *H. capsulatum* infection \[[@B23-biomolecules-10-00865],[@B51-biomolecules-10-00865]\]. Considering that IFN-γ was reduced in the lungs of *Il22*^−/−^ mice during *H. capsulatum* infection, we investigated the effect of IL-22 deficiency on transcriptional and protein expression of NOS2. Compared to WT animals, lungs of *Il22*^−/−^ mice exhibited reduced gene and protein expression of NOS2 at 7 and 14 days after infection ([Figure 5](#biomolecules-10-00865-f005){ref-type="fig"}A, C, respectively). Furthermore, the production of NO was measured indirectly through the quantification of nitrite (NO~2~^−^) in the lung homogenates. Interestingly, in accordance with the expression of NOS2, *Il22*^−/−^ mice exhibited reduced NO production in the lungs, when compared to WT infected mice ([Figure 5](#biomolecules-10-00865-f005){ref-type="fig"}B).

3.6. IFN-γ Treatment Rescues Survival of Il22^−/−^ Mice during H. capsulatum Infection {#sec3dot6-biomolecules-10-00865}
--------------------------------------------------------------------------------------

To investigate the mechanisms involved with reduced Th1 cells observed in *Il22*^−/−^ mice infected with *H. capsulatum*, we hypothesized that the deficiency of this cytokine leads to the impaired production of factors that are required for Th1 cell differentiation and IFN-γ production, such as IL-12p70 and IL-18, or related to Th17 immunity, such as IL-23. We quantified levels of IL-12p70 ([Figure 6](#biomolecules-10-00865-f006){ref-type="fig"}A), IL-18 ([Figure 6](#biomolecules-10-00865-f006){ref-type="fig"}B) and IL-23 ([Figure 6](#biomolecules-10-00865-f006){ref-type="fig"}C) in lung parenchyma at days two and seven post-infection. None of these cytokines were downregulated in the absence of IL-22, indicating that there is no association between reduced IFN-γ and these cytokines. Corroborating this phenomenon, the ability of IL-18 to enhance IFN-γ secretion in CD4^+^ T cells was measured ex vivo in lung cells isolated of *H. capsulatum* infected-mice. Isolated lung cells were treated with murine recombinant IL-18 (50 ng.mL^−1^) for 12 h, but the treatment did not enhance the production of IFN-γ by CD4^+^ or CD8^+^ T cells ([Figure S5](#app1-biomolecules-10-00865){ref-type="app"}). As an experimental control, the production of IL-17 by CD4^+^ or CD8^+^ T cells were also evaluated, and no differences were found in IL-18-treated cells compared to untreated cells ([Figure S5](#app1-biomolecules-10-00865){ref-type="app"}).

Since IFN-γ drives protective molecular mechanisms against *H. capsulatum* infection, treatment with this recombinant cytokine should revert the susceptibility of *Il22*^−/−^ mice. Indeed, the treatment of *Il22*^−/−^ mice with rIFN-γ (1 µg) reduced yeast replication in the lung parenchyma ([Figure 6](#biomolecules-10-00865-f006){ref-type="fig"}E,G) with no effect on lung inflammation ([Figure 6](#biomolecules-10-00865-f006){ref-type="fig"}D,G) observed at seven days post-infection. Notably, IFN-γ treatment reduced NO~2~^−^ in the lung parenchyma of *Il22*^−/−^ mice at the same time point after *H. capsulatum* infection ([Figure 6](#biomolecules-10-00865-f006){ref-type="fig"}F). Moreover, treatment of *Il22*^−/−^ mice with rIFN-γ significantly extended animal survival ([Figure 5](#biomolecules-10-00865-f005){ref-type="fig"}H), suggesting that IL-22 operates via IFN-γ to promote anti-*H. capsulatum* immunity and mice survival.

4. Discussion {#sec4-biomolecules-10-00865}
=============

IL-22 is a pleiotropic cytokine with pro and anti-inflammatory properties and plays contrasting functions in diverse inflammatory or infectious diseases. These effects depend on the inflammatory microenvironment, including the presence of other cytokines \[[@B52-biomolecules-10-00865]\]. We demonstrated that *H. capsulatum* infection induces the production of IL-22 in the lungs, which was increased 7 days after infection and corroborates previous studies using conidia or/and yeast forms \[[@B38-biomolecules-10-00865],[@B39-biomolecules-10-00865]\]. Despite that, the function of IL-22 during histoplasmosis was largely unknown. Herein, we demonstrated that this cytokine plays a critical role for resistance to *H. capsulatum* infection. These observations are in line with responses to infections by other fungal pathogens, such as *Candida albicans*. Similarly, to our observations, IL-22 was crucial for animal resistance and the control of yeast replication, while its deficiency promoted increased neutrophil infiltration into sites of infection \[[@B53-biomolecules-10-00865],[@B54-biomolecules-10-00865]\]. Importantly, despite the deleterious role played by the accumulation of neutrophils in several conditions \[[@B37-biomolecules-10-00865],[@B55-biomolecules-10-00865],[@B56-biomolecules-10-00865]\], enhanced neutrophil accumulation in the lung does not seem to be responsible for *Il22*^−/−^ mice mortality during experimental histoplasmosis.

During vulvovaginal candidiasis, IL-22-deficient mice also showed pronounced neutrophil recruitment to the vaginal epithelium, followed by increased production of AMPs, such as S100A8 and S100A9, as well as elevated tissue damage \[[@B37-biomolecules-10-00865]\]. Although AMPs production has been considered an important output of IL-22 signaling, our data suggest that this is not the case during *H. capsulatum* infection. Furthermore, it is likely that AMP have no antifungal effects towards *H. capsulatum*. Interestingly, IL-22 also promotes transcription of genes related to tissue regeneration and proliferation (*Myc*, *Ccnd1*, *Rbl2* e *Cdk4*) \[[@B57-biomolecules-10-00865],[@B58-biomolecules-10-00865],[@B59-biomolecules-10-00865]\] and cell survival (*Bcl2*, *Bcl2l1* and *Mcl1*) \[[@B34-biomolecules-10-00865],[@B57-biomolecules-10-00865],[@B60-biomolecules-10-00865]\], which could also mediate protection during *H. capsulatum* infection.

Our data point to the significant role of IL-22 in the induction of CD4^+^ T cell-mediated immunity, particularly for the induction of optimal Th1 response and IFN-γ production. Previous studies showed that IL-22 induces Th1 signature cytokines such as IL-18 and IFN-γ during *Toxoplasma gondii* experimental infection \[[@B55-biomolecules-10-00865],[@B56-biomolecules-10-00865]\]. In contrast, IL-22 has been shown to promote reduced infiltration of CD4^+^ IFN-γ^+^ IL-17^+^ T cells during intestinal inflammation \[[@B37-biomolecules-10-00865]\]. Both IFN-γ and IL-17 play critical roles during histoplasmosis. Indeed, IL-12p35-deficient animals (unable to produce IL-12 and to mount Th1 responses) are highly susceptible to *H. capsulatum* infection \[[@B19-biomolecules-10-00865]\]. Moreover, mice lacking IL-12p40 are unable to produce IL-12 and IL-23, and thus exhibit impaired Th1 and Th17 responses. These animals are even more susceptible to histoplasmosis than *Il12p35^−/−^*, and thus indicates that both cytokines cooperate to control the infection \[[@B19-biomolecules-10-00865]\]. Moreover, IL-12p40 deficient mice produces less IL-22 \[[@B54-biomolecules-10-00865]\], suggesting an inflammatory loop between IL-22 and Th1/Th17 response. However, IL-12p70, IL-18 and IL-23 were not involved with lower IFN-γ secretion observed in *H. capsulatum* infection of IL-22 deficient mice.

IFN-γ induces the production of NO, a major anti-fungal molecule that promotes death of *H. capsulatum* yeasts \[[@B23-biomolecules-10-00865],[@B51-biomolecules-10-00865]\]. We observed that both transcriptional and protein expression of NOS2 were reduced in the lungs of *Il22*^−/−^ mice infected with *H. capsulatum*, thus reduced NO production must account for the susceptible phenotype of these animals. Our data were supported by studies showing that IL-22 drives NO-dependent dysplasia and DNA damage during a murine model of colitis-associated cancer \[[@B61-biomolecules-10-00865]\]. In line with reduced NOS2 expression and NO~2~^−^ production, we observed that survival of *Il22*^−/−^ mice during histoplasmosis can be significantly extended by rIFN-γ treatment. Furthermore, rIFN-γ treatment reduced fungal load in the lungs of *Il22*^−/−^ mice at seven days post-infection, as well as reduced NO~2~^−^. This result is intriguing, but we hypothesize that the clearance of yeasts from lungs with IFN-γ-induced NO at early stages might downregulate NO release at later stages, possibly via a negative feedback mechanism.

5. Conclusions {#sec5-biomolecules-10-00865}
==============

This study suggests that IL-22 deficiency impairs Th1 response and IFN-γ production, resulting in reduced NOS2 expression, diminished the production of NO and limited control of *H. capsulatum* yeast growth. Indeed, these findings point to IL-22 as a critical biomolecule involved in the protection to *H. capsulatum* infection and these data improve the knowledge focusing on new targets for the development of effective therapy.
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![The absence of IL-22 increases the fungal load and the susceptibility of mice infected with *Histoplasma capsulatum*. Eight-week-old C57Bl/6 mice (WT) were infected i.t. with a lethal inoculum (1 × 10^6^ yeasts) of *H. capsulatum*. On days 2, 7 and 14 post-infection, the mice were euthanized, the lungs removed and homogenized for quantification of IL-22 by ELISA (**A**). WT or *Il22*^−/−^ mice were infected i.t. with a lethal inoculum (1 × 10^6^ yeast) of *H. capsulatum* and observed daily for determination of the survival curve (**B**). Data were analyzed by log-rank test and Mantel--Cox in the post-test (*n* = 10). In independent experiments, infected mice were euthanized on days 2, 7, and 14 post-infection, and the lungs (**C**) and spleens (**D**) were removed and processed for fungal load analysis by yeast colony forming units (CFU) assay. Data are expressed as mean ± SEM of three independent experiments (*n* = 6--11) and analyzed by the two-way ANOVA test and Bonferroni in the post-test or analyzed by Student's *t*-test (*n* = 5). Data were considered statistically significant when *p* \< 0.05, \* infected vs. uninfected and \# WT + *Hc* vs. *Il22*^−/−^ + *Hc*. The mean right lobe was removed on days 7 and 14 after infection, fixed in formalin and embedded in paraffin. Five-micrometer sections were stained by the Grocott's method through impregnation of silver methenamine (GMS), and analyzed by light microscopy, by 100× and 400× (in set) resolution (**F**). Images obtained on 7th day post-infection were quantified in the ImageJ software, regarding % of area covered by yeasts (**E**). Data are expressed as mean ± SEM of a representative experiment (*n* = 4--6) and analyzed by Student's *t*-test.](biomolecules-10-00865-g001){#biomolecules-10-00865-f001}

![IL-22 deficiency enhances the recruitment of neutrophils and macrophages and modulates the cytokines IL-1β, TNF-α and IL-1ra in *H. capsulatum* infected lungs. Eight-week-old WT or *Il22*^−/−^ mice were infected i.t. with a lethal inoculum (1 × 10^6^ yeasts) of *H. capsulatum* and euthanized on days 2, 7 and 14 after infection. The mean right lobe was removed, fixed in formalin and embedded in paraffin. Five-micrometer sections were stained by HE and analyzed by light microscopy, with magnification of 200× and 100× (in set) (**A**). Images were quantified in the ImageJ software, regarding % of infiltrated area (**B**). On days 2, 7 and 14 after infection, the upper left lobe was removed, disrupted, counted and evaluated by flow cytometry for the presence of neutrophils CD45^+^ Ly6C^−^ Ly6G^+^ CD11b^+^ and macrophages CD45^+^ F4/80^+^ CD11b^+^ (**C**). The absolute number of cells is shown as mean ± SEM, of two independent experiments (*n* = 4--16). To determine IL-1β, TNF-α and IL-1ra production, the lower and upper right lobes were removed, homogenized and the supernatants used for quantification by ELISA (**D**). Data are expressed as mean ± SEM of two independent experiment (*n* = 4--16) and analyzed by the two-way ANOVA and Bonferroni test in the post-test. Data were considered statistically significant when *p* \< 0.05, \# WT + *Hc* vs. *Il22*^−/−^ + *Hc*.](biomolecules-10-00865-g002){#biomolecules-10-00865-f002}

![IL-22 absence compromised the production of LTB~4~ in infected lungs, but LTB~4~ treatment did not rescue *Il22*^−/−^ mice from death. Eight-week-old WT or *Il22*^−/−^ mice were infected i.t. with lethal inoculum of *H. capsulatum* and euthanized on days 2, 7 and 14 after infection. The lower and upper right lobes were removed, homogenized and the supernatant was used for lipid extraction in C18 column for quantification of LTB~4~ by HPLC/MS/MS (**B**). Representative samples showing the chromatographic peaks (**A**---left panel) and mass fragmentation spectrum (**A**---right panel) of LTB~4~ on 2^nd^ day post-infection. Values were expressed as mean ± SEM of two independent experiments (*n* = 4--7) and analyzed by the two-way ANOVA test and Bonferroni test in the post-test. Ten-week-old *Il22*^−/−^mice infected with lethal inoculum of *H. capsulatum* were treated 2× a day (in) with 50 ng LTB~4~, starting 24 h before infection. The animals were observed daily to determine the survival curve (**C**). Data were analyzed by log-rank test and Mantel--Cox in the post-test (*n* = 10). Data were considered statistically significant when *p* \< 0.05, \#WT + *Hc* vs. *Il22*^−/−^ + *Hc* or \#*Il22*^−/−^ + *Hc* vs. *Il22*^−/−^ + *Hc* + LTB~4.~](biomolecules-10-00865-g003){#biomolecules-10-00865-f003}

![IL-22 deficiency alters frequency of T cells, the production of IFN-γ and IL-17 in *H. capsulatum* infected-lungs. Eight-week-old WT or *Il22*^−/−^ mice were infected i.t. with lethal inoculum (1 × 10^6^ yeasts) of *H. capsulatum* and euthanized on days 2, 7 and 14 after infection. The upper left lobe was removed, disrupted and evaluated by flow cytometry for the presence of Th1 (CD3^+^CD4^+^IFN-γ^+^), Th17 (CD3^+^CD4^+^IL-17A^+^), Treg (CD3^+^CD4^+^IL-10^+^), Tc1 (CD3^+^CD8^+^IFN-γ^+^), Tc17 (CD3^+^CD8^+^IL-17A^+^) and TcRegs (CD3^+^CD8^+^IL-10^+^). Representative zebra plots of CD4 T cells (7 dpi) and of CD8 T cells (14 dpi) were illustrated (**A**). The absolute number was expressed as mean ± SEM, of two independent experiments (**B**). To quantify IFN-γ and IL-17, the lower and upper right lobes were removed, homogenized and the supernatants used for ELISA assay (**C**) (*n* = 4--6). Data were analyzed by the One-Way ANOVA with Newman-Keuls multiple comparison test and considered significant when *p* \<0.05, \#WT + *Hc* vs. *Il22*^−/−^ + *Hc*.](biomolecules-10-00865-g004){#biomolecules-10-00865-f004}

![NOS type 2 and NO~2~^−^ were diminished in lung parenchyma of *Il22*^−/−^ mice. Eight-week-old WT or *Il22*^−/−^ mice were infected i.t. with lethal inoculum (1 × 10^6^ yeast) of *H. capsulatum*. The left lower lobe was removed, and the RNA extracted for analysis of the gene expression of the enzyme Nos2 by RT qPCR (**A**). On days 2 and 7 post-infection, the lower and upper right lobes were removed, homogenized in 1 mL of PBS 1× and the supernatant was used to quantify NO~2~^−^ (μM) by using a Griess reaction (**B**). On days 7 and 14 post-infection the medium right lobe was removed, fixed in formalin and embedded in paraffin. Five-micrometer sections were labeled with anti-Nos2 primary antibody, biotinylated anti-IgG secondary antibody and substrate. The sections were counterstained by Mayer's hematoxylin and analyzed by light microscopy, at 400× (**C**). Data were expressed as mean ± SEM of a representative experiment (*n* = 4--7) and analyzed by the two-way ANOVA test and Bonferroni post-test and considered significant when *p* \< 0.05, \#WT + *Hc* vs. *Il22*^−/−^ + *Hc*.](biomolecules-10-00865-g005){#biomolecules-10-00865-f005}

![IL-22 absence did not compromise IL-12p70, IL-18 and IL-23 cytokine production in *Hc*-infected lungs, but rIFN-γ treatment, rescued IL-22 deficient mice from death. Eight-week-old WT or *Il22*^−/−^ mice were infected i.t. with lethal inoculum of *H. capsulatum* and euthanized on days 2 and 7 after infection. The lower and upper right lobes were removed, homogenized and the supernatant was used for quantification of IL-12p70 (**A**), IL-18 (**B**) and IL-23 (**C**) by ELISA and NO~2~^−^ (μM) by using a Griess reaction at 7th day post-infection (**F**). (*n* = 4--6). Data were analyzed by the two-way ANOVA test and Bonferroni post-test or by Student's *t*-test and considered significant when *p* \< 0.05, ^\#^WT + *Hc* vs. *Il22*^−/−^ + *Hc*. *Il22*^−/−^ mice infected with lethal inoculum (1 × 10^6^ yeasts) of *H. capsulatum* were treated 1× a day with 1 μg rIFN- γ (i.n.) from the 4th day of infection. On day 7 post-infection, the medium right lobe was removed, fixed in formalin and embedded in paraffin. Five-micrometer sections were stained by HE or Grocott's method (**G**) and analyzed by light microscopy, with a magnification of 200× and 100× (in set). Images (400× resolution) were quantified in the ImageJ software, regarding % of infiltrated area (**D**) or % of area covered by yeasts (**E**). To determine the survival rate, animals from all groups were observed daily (**H**). Data were analyzed by the log-rank test and Mantel--Cox in the post-test (*n* = 6). Data were considered statistically significant when *p* \< 0.05. ^\#^*Il22*^−/−^ + *Hc* vs. *Il22*^−/−^ + *Hc* + IFN-γ.](biomolecules-10-00865-g006){#biomolecules-10-00865-f006}
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